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t^j- , Abstract: Brane inflation is a specific realization of the inflationary universe 

scenario in the early universe within the brane world framework in string theory. 
CN ■ The naturalness and robustness of this realistic scenario is explained. Its predictions 

on the cosmological observables in the cosmic microwave background radiation, 
especially possible distinct stringy features, such as large non-Gaussianity or 
large tensor mode that deviates from that predicted in the slow roll scenario, 



are discussed. Stringy KK modes as hidden dark matter is also a possibility. 
Another generic consequence of brane inflation is the production of cosmic strings 
towards the end of inflation. These cosmic strings are nothing but superstrings 
stretched to cosmological sizes. The properties of these cosmic superstrings and 
their subsequent cosmological evolution into a scaling network open up their possible 
detections in the near future, via cosmological, astronomical and/or gravitational 
wave measurements. At the moment, cosmological data is already imposing strong 
constraints on the details of the scenario. Finding distinctive stringy signatures 
in cosmological observations will go a long way in revealing the specific brane 
inflationary scenario and validating string theory as well as the brane world picture. 
Precision measurements may even reveal the structures of the flux compactification. 
Irrespective of the final outcome, we see that string theory is confronting data and 
making predictions. 
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1. Introduction 

It is believed by many that superstring theory is the fundamental theory of all matter 
and forces, including a consistent quantum gravity sector. In fact, it is the only known 
theory that incorporates general relativity in a quantum mechanically consistent way 
around the near Minkowski spacetime that describes our universe today. The theory 
is also extraordinarily intricate, revealing numerous deep and rich mathematical and 
physical structures. However, the string scale is believed to be so high that it is 
almost hopeless to find stringy signatures at any high-energy experiments in the 
conceivable future. Since such a high energy scale was probably once reached in 
the early universe, it is natural to look for stringy signatures in cosmology. Looking 
towards the sky for information and tests on fundamental physics has a long tradition. 
This follows the route taken by, for example, the discovery of Newton's gravitational 
force law and Einstein's theory of general relativity. 

The inflationary universe was proposed to solve a number of fine-tuning problems 
such as the flatness problem, the horizon problem and the defect problem . Besides 
providing an origin for the hot big bang (the ultimate free lunch), its prediction of an 
almost scale-invariant density perturbation power spectrum (which is responsible for 
structure formation in our universe) has received strong observational support from 
the temperature fluctuation and polarization in the cosmic microwave background 
radiation (CMBR), e.g., COBE and WMAP @. However, the origin of the key 
ingredients of the inflationary scenario, namely, the scalar field known as the inflaton 
and its potential, remain undetermined. In this sense, the inflationary universe 
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scenario is considered by many to be a paradigm or framework, not quite a theory. 
As the cosmological data keeps improving in a very impressive fashion, it becomes 
urgent to find a specific model that has a solid theoretical foundation. 

If string theory is the theory of everything, we should be able to find a natural 
inflationary scenario there. This will allow us to identify the inflaton and its prop- 
erties, while at the same time cosmological measurements will help us to determine 
the precise stringy description of our universe. With some luck, we may even find 
distinct stringy signatures in this framework in the cosmological data to confirm our 
faith in the theory. Since the inflationary scale turns out to be comparable to the 
string scale, such an investigation is clearly very worthwhile. If the scenario is natu- 
ral, one should be able to explain why many e-folds of expansion is generic (without 
fine-tuning). A good test requires the scenario /mo del to be over-constrained, that 
is, the number of measurements should eventually exceed the number of parameters 
in the model. We shall explain how (and in what sense) brane inflation, a specific 
realization of the inflationary universe scenario in the early universe within the brane 
world framework in string theory, satisfies these 2 criteria; that is, it is both natural 
and testable. 

Since the discovery of D-branes in string theory [[|, a natural realization of 
nature in string theory is the brane world. In the brane world, all standard model 
particles are open string modes. Since each end of an open string must end on a 
brane, the standard model particles (being light) are stuck on a stack of Dp-brane, 
where 3 of the p dimensions span our universe of standard model particles, while the 
remaining p— 3 dimensions are wrapping some cycles in the bulk (the remaining 9 — p 
spatial dimensions) where closed string modes such as the graviton live (see Figure 
|](a)). Suppose our today's universe is described by such a brane world solution in 
string theory. A simple, realistic and well-motivated inflationary model is the brane 
inflation, where the inflaton is simply the position a Dp-brane moving in the bulk 
||. In the simple D3-Z)3-brane inflation ||, inflation takes place while the D3-brane 
is moving towards the Z)3-brane (i.e., anti-D3-brane, which has the same tension 
but opposite RR charge as a .D3-brane) inside the 6-dimensional bulk (due to the 
attractive force between them), and inflation ends when they collide and annihilate 
each other. Fluctuations that are present before inflation, such as defects, radiation 
or matter, will be inflated away (see Figure 0(b)). Here, the relative D3-/)3-brane 
position is the inflaton and the inflaton potential V((f>) comes from their tensions 
and interactions. The annihilation releases the brane tension energy that heats up 
the universe to start the hot big bang epoch. Typically, strings of all sizes and types 
may be produced during the collision. Large fundamental strings and/or Dl-branes 
(or D-strings) that survive the cosmological evolution become cosmic superstrings. 

In a more realistic brane world scenario, all moduli of the 6 extra spatial dimen- 
sions are dynamically stabilized via flux compactification |7|, ||, and the presence of 
RR fluxes introduces intrinsic torsion and warped geometry, so there are regions in 
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Figure 1: (a) The brane world scanrio. Here, as light open string modes with each end 
of an open string ending on a brane, the standard model particles are stuck to the branes, 
while closed string modes such as a graviton are free to roam the bulk, (b) During brane 
inflation, a tiny region of the branes (i.e., our universes) grows by an exponentially large 
factor. Fluctuations such as defects, radiation or matter will be inflated away. Also, the 
differences in spacing between branes as well as the curvature decreases rapidly. 



the bulk with warped throats (Figure ||]). They are 6-dimensional versions of the 
Randall-Sundrum warped geometry. There are numerous such solutions in string 
theory, some with a small positive vacuum energy (cosmological constant). This is 
known as the string landscape. Presumably the standard model particles are open 
string modes; they can live either on D7-branes wrapping a 4-cycle in the bulk or 
(anti-).D3-branes at the bottom of a warped throat (Figure |2]). In the early universe, 
there is an extra pair of .D3-Z)3-branes. Due to the attractive forces present, the D3- 
brane is expected to sit at the bottom of a throat. Here again, inflation takes place 
as the D3-brane moves down the throat towards the Z)3-brane, and inflation ends 
when they collide and annihilate each other, allowing the universe to settle down to 
the string vacuum state that describes our universe today. This is the KKLMMT 
scenario ||. Although the original toy model version encounters some fine-tuning 
problems, the scenario becomes substantially better as we make it more realistic : 
it is surprisingly robust, that is, many e-folds of inflation is a generic feature. This 
is very encouraging. Briefly speaking, there are 2 key stringy ingredients that come 
into play: 
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Figure 2: A pictorial sketch of the compactified bulk. Besides some warped throats, there 
are Z)7-branes wrapping 4-cycles. The D3-Z)3-brane inflationary scenario in a generic flux 
compactfied 6-dimensional bulk. The blue dots stand for mobile D3-branes while the red 
dots are Z)3-branes sitting at the bottoms of throats. After inflation and the annihilation 
of the last Z)3-brane with the Z)3-brane in ^4-throat, the remaining Z)3-branes in S'-throat 
may be the standard model branes. 



• Because of the warped geometry, a consequence of flux compactification, a mass 
M in the bulk becomes h A M at the bottom of a warped throat, where h A <C 1 is 
the warped factor (Figure ^). This warped geometry tends to flatten, by orders of 
magnitude, the inflaton potential V(4>), so the attractive D3--D3-brane potential is 
rendered exponentially weak in the warped throat. The potential takes the form 

V{4>) = V K + V A + V DD = \(3H 2 <f + 2T 3 /4(1 - ^-|f ) + ... (1.1) 

where the first term Vk{4>) = m 2 <fi 2 /2 + .... receives contributions from the Kahler 
potential and various interactions in the superpotential || as well as possible D- 
terms IflOfl . H is the (initial) Hubble parameter so this interaction term behaves 
like a conformal coupling. Here, /3, and more generally Vk, probes the structure of 



the flux compactification [11, 12]. The warp factor depends on the details of the 
throat. Crudely, h(<p) ~ (fr/'fredge, where 4> = 4> e dge when the D3-brane is at the 
edge of the throat, so h(4> e d ge ) — 1- At the bottom of the throat, where = 4>a, 
Yla = h{<pA) = 4>a/ 4>edge- T 3 is the D3-brane tension and the effective tension is 
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Figure 3: The predictions of the slow-roll brane inflationary scenario |], [l3|] : the cosmic 
string tension fj,, the power spectrum index n s , the ratio r of the tensor to the scalar density 
perturbations and the running of n s - 



warped to a very small value T 3 h\ (as we shall see, Ha ~ 10~ 2 ). The attractive 
gravitational (plus RR) potential is further warped to a very small value : Na 3> 1 
is the D3 charge of the throat. If the last 55 e- folds of inflation takes place inside the 
throat, then <p e d ge > <P > <Pa during this period of inflation. Note that (3 is expected 
to be of order unity, ft ~ 1. Despite the warped geometry effect, the above potential 
yields enough inflation only if (3 is small enough, (3 < 1/5 p3| . We see in Figure |3] 
that the data can easily over-constrain the model. However, this is not the end of 
the story. 

• Because the inflaton is an open string mode, its kinetic term appears inside the 
Dirac-Born-Infeld action. For slow-roll, this term reduces to the usual kinetic term. 
However, when the inflaton is moving relativistically, the full effect of the DBI action 



must be taken into account |14]| . The DBI action in brane inflation leads to the 
"Lorentz factor" 

7(0) = , 1 (1-2) 

V 1 - ^/W) 

where T(jp) = Tsh^) 4 is the warped D3-brane tension and the limiting speed, c(0) = 
a/T(</>), is decreasing rapidly as the D3-brane moves down the throat c ~ 4> 2 — > 4>\. 
This means the speed <fi of <fi is limited by the rapidly decreasing limiting speed 
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irrespective of the steepness of the inflaton potential. In the warped throat, even 
for a steep potential, the inflaton motion must slow down considerably towards the 
bottom of the throat as it is becoming ultra-relativistic, so it takes a while before it 
reaches the bottom of the throat. 

As a result, the warped geometry of the throat combined with the DBI action 
generically allows for many e-folds of inflation. Robustness of the overall scenario 
suggests that we are in the right direction. A few comments are in order here : 

(i) Since the inflaton is an open string mode that stretches between the branes, it no 
longer exists as a physical degree of freedom after the D3-Z)3-brane annihilation. 

(ii) The above scenario does not guarantee enough inflation; however, it does yield 
enough inflation for a large region in the parameter space. Once CMBR and other 
cosmological data are introduced, constraints on the parameters will sharpen the 
predictions. At the moment, data is already putting strong constraints on the pa- 
rameter space. Future data will constrain the parameters further and tell us about 
the structure of the bulk as well as the throat. 

(hi) The presence of a .D3-.D3-brane pair explicitly breaks supersymmetry. Although 
this breaking is large, but it is very soft, as we shall see. Furthermore, the warping 
exponentially suppresses the breaking terms. So it is justified to study the scenario 
within the supergravity approximation when the string scale is much smaller than 
the Planck scale. 

(iv) The interplay between cosmology and gauge/gravity duality should receive more 
attention, since cosmological data may provide valuable information about strongly 
coupled gauge theory (via structures of throats and cosmic string properties). 

(v) There are many variations of the above scenario. For large m |T5|] , or for a mod- 
ified warped throat fl6|], enough inflation can be obtained without the Z)3-brane. 
-D3-.D3-brane inflation can take place in the bulk. Since a typical compactification 
has D7-branes wrapping 4-cycles in the bulk, one can also consider _D3-.D7-brane in- 
flation [|17]]. Multi-throat and/or multi-brane scenarios are also very easy to envision 
[jlSfl . A crowd of D3-branes is quite natural, as illustrated in Figure [| where many 



D3-branes can be released during a brane-flux annihilation in the I?-throat [19|. A 



nice scenario is the multi-throat model, where inflation takes place as D3-branes are 



moving out of the 5-throat 20 . There is a large set of multi-brane inflationary mod- 



els under the name "assisted inflation" Clearly they should be fully explored. 

Some of the phenomenology is not too different from N- inflation [F2^]. Another vari- 
ation is Ref. p3|. 

(vi) The 6-dimensional (or 7-dimensional in M theory) compactification typically 
introduces many light closed string modes known as moduli. They include Kahler 
moduli, complex structure moduli, the dilaton and KK type RR fields. The resulting 
effective potential involving these bulk modes is in general complicated enough so, 
with some fine-tuning, one can find a flat enough direction to carry out inflation. It is 
entirely possible that nature takes this path and moduli inflation should be and has 
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been extensively studied. However, the moduli inflationary scenario does not seem 
to have distinct stringy signatures, or as compelling and predictive as brane inflation. 



The rest of this paper discusses the various aspects of the above scenario: 
• Inflation. For small m or (3, the model reduces to the slow- roll scenario (Figure |3|). 
For any given (3, we see that the power spectrum index n s , the ratio r of the tensor 
to the scalar density perturbations, the running of n s and the cosmic string tension 
fi are determined . In this case, WMAP and other cosmological data imposes the 
constraint (3 < 0.05 |24|. That is, the range 0.05 < (3 < 0.2 is ruled out. 

For large inflaton mass m, the DBI action and so the warp factor comes into 
play. In this case, new stringy features such as non-Gaussianity will appear |0J. 
Furthermore, the 3-point correlation function (or bispectrum) has a distinct distri- 



bution that is clearly different from what may appear in a slow-roll scenario |25| , ^| 
For intermediate values of m, the tensor mode perturbation may be large |27|]. It can 
also be distinguished from that coming from the slow-roll scenario. This is encour- 
aging since, unlike the scalar mode perturbation, the metric perturbation directly 
probes the very early universe. 

• Heating at the end of inflation. The _D3-Z)3-brane annihilation produces only closed 
strings, with the graviton as the lightest mode. The transfer of energy from closed 
string modes to the standard model particles which are open string modes seems 
problematic, since gravitational radiation can make up at most a few percent of the 
density of the standard model particles during big bang nucleosynthesis. Naively, this 
problem seems most severe if inflation takes place in one throat (the A-throat) while 
the standard model branes are in another throat (the S"-throat). It is satisfying that 
an analysis of what happens indictates that heating will work out nicely. In fact, 
the situation improves dramatically when one considers a realistic (i.e., flux com- 
pactification) scenario instead of a toy model version based on the Randall- Sundrum 
scenario. It also offers some possibilities of specific features (such as KK modes as 
hidden dark matter p8fl ) that may be tested. 

• Production and properties of cosmic strings. 

• Evolution of the cosmic string network and its possible detection. Here, we dis- 
cuss our present knowledge of the scaling cosmic string network and some of its 
observational consequences. 

The history of cosmic strings is a long one [^, |3"0]] . First proposed by Kibble 
and others, it was applied to generate density perturbations that seeded the structure 
formation. This requires a tension of G^i ~ 10~ 6 . This was ruled out by the CMBR 
data. The possibility of superstrings as cosmic strings was first studied by Witten 
[31]. However, in the heteroric string framework, Gfi ~ 10~ 3 , which is far too big 



to be compatible with observations. In any case, either these cosmic strings would 
have been inflated away, or they are unstable to breakage. In brane inflation in Type 
IIB theory, we see that they are produced after inflation [B2L |3"3]1, with much lower 
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tensions due to the warped geometry B [131 . They are stable or meta-stable enough 



(i.e., lifetime comparable to the age of the universe) under a variety of situations 
p^ , |35| , |36|| , so they can survive to form a scaling cosmic string network. Cosmic 



superstrings will also have non-trivial tension spectrum and junctions can appear [^4 
Of course, the presence of a cosmic string network is not guaranteed. However, if they 
are around, the chances of detecting them are very promising. Irrespective of the 
final outcome, we see that string theory is confronting data and making quantitative 
as well as distinctively stringy predictions. 

2. Brane Inflation 

It is possible (in fact one may argue likely) that the inflaton potential has relatively 
flat directions outside the throat, allowing substantial inflation [j37| . Unfortunately, 



the precise potential is rather dependent on the detailed structures of the compactifi- 
cation and remains to be explored more carefully. To avoid this issue, we shall assume 
here that the D3-brane starts close to or inside the throat. If we have enough e-folds 
in the throat, then the physics outside the throat need not concern us. As explained 
earlier, this is an easy condition to satisfy. 

First, let us consider the potential V(y) per unit volume between a parallel 
Dp — Dp-brane pair separated by a distance y, where the Dp-branes are BPS with 
respect to each other. We shall consider p < 7, where T p is the .Dp-brane tension. 
We may view V(y) as coming from the closed string exchanges between the branes 
(Figure f§(a)). In the closed string channel, at large y, when the massive mode 
exchanges are Yukawa-suppressed, 

n?/)^--Sr((7-p)/2)-L (2.1) 



7r (9-p)/2 ^ r>l I yl-v 



m. 



-2 



where n 2 = 8irGio and T p = (27ra')~( p+1 ^ 2 is the .Dp-brane tension. Here a' 
is the Regge slope and m s is the string scale. For p < 7, V(y) vanishes as y — > oo. 
This is simply the attractive gravitational (NS-NS) plus massless RR interaction 
between the branes. At short distances, the exchange of the massive closed string 
modes are not Yukawa-suppressed and the evaluation of V(y) is somewhat subtle. 
Because of the exponentially growing degeneracy (as a function of mass) in the 
closed string spectrum, a naive summation yields an oscillating divergent result. 
Looking at Figure |](a), we see that we may evaluate V(y) as a 1-loop radiative 
correction in the open string channel by including the whole tower of open string 
modes. The particular way of grouping the contributions should be dictated by the 



soft supersymmetry breaking ]38]. |39fl . When the two branes are parallel there is 
no potential between them because of supersymmetry. Each mass level contains a 
set of supermultiplets. The contribution to the potential V(y) from the open string 
bosons is exactly cancelled by the contribution from the open string fermions, mass 
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Figure 4: (a) The exchange of closed strings between two branes. In the dual channel, 
this describes the one-loop radiative effect of the open strings stretching between 2 branes. 
(b) The potential V(y) between the D3-brane and the £>3-brane due to the diagram (a), as 
a function of the separation y for the brane pair, where a' =1 |3^]. The dashed curve is the 
imaginary part of V(y). The thick line is the real part of V(y). The Coulombic potential 
(the thin red curve) is shown for comparison, (c) The potential V((p, T) as a function of 
the inflaton y ~ <f> and the tachyon expectation value T [flcl], Brane inflation is a hybrid 
inflationary scenario. 



level by mass level. Now we consider the Dp-brane as a Dp-brane rotated by ir. 
Supersymmetry broken by this rotation is large, in the sense that level crossings take 
place. However, the supersymmetry breaking is very soft, that is, the open string 
spectrum follows the spectral flow. For each broken supermultiplet, 

^(-l) F mf = 0, 71 = 1,2,3 (2.2) 

i 

where i runs over the spectrum in each large but "softly broken" supermultiplet 
(and F is the fermion number). Keeping this grouping in the sum over the open 
string spectrum yields a finite V(y) (Figure |j(b)). This very soft SUSY breaking 
also justifies the continuous use of the supergravity formulation. 

In the open string one-loop channel, a tachyon appears at short distances, 

/ 2 _ V _ 1 /n <j\ 

a m tachyon ~ 4^/ ~ 2 
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which contributes an imaginary part to V(y). We see that the Coulombic form is a 
very good approximation before the tachyon appears, by which time inflation is over 
anyway. With = y/T^y, the tachyon appears when = 0#, and the annihilation 
process begins. Note that the potential flattens around this distance and the usual 
sharp drop in the Coulombic potential is absent. The potential V((j), T) in Figure 
[|(c) is evaluated using boundary superstring field theory method PP| . So we have 
<Pi > 055 > <Pe > <Pa, where 0, is the initial D3-brane position when inflation starts 
and 055 is the value of at 55 e-folds before inflation ends. So the scenario is a 
hybrid inflation. In the more realistic KKLMMT scenario, V(<j)) becomes V D £)(4>) 
given in Eq . (|1 . I| ) . 

Warped throats such as the Klebanov-Strassler (KS) warped deformed conifold 
HP are generic in any flux compactification that stabilizes the moduli. The Dirac- 



Born-Infeld (DBI) action for the inflaton field follows simply because the inflaton is an 
open string mode. By now it is clear that enough inflation is generic in this scenario 
thanks to : (1) the warped geometry of the throat in a realistic string compacti- 
fication, which tends to flatten (by orders of magnitude) the attractive Coulombic 
potential between the D3-brane and the Z)3-brane @; The warped geometry also 
reduces the vacuum energy that breaks suersymmetry, so the supergravity approx- 
imation is expected to be valid. (2) The warped geometry of the throat combined 
with the DBI action, which forces the inflaton to move slowly as it falls towards the 



bottom of the throat, as pointed out by Silverstein and Tong [TJ]. In fact, one may 
get enough e-folds just from around the bottom of the throat ||42|| . 
Inside the throat, the metric takes the form 

ds 2 = h 2 (r)(-dt 2 + a{t) 2 dx 2 ) + h- 2 (r)(dr 2 + r 2 ds 2 5 ), (2.4) 

and the potential takes the simple approximate form ( |1 . 1| ) , 

V{4>) = V K {<t>) + V + V DD {4>) ^ ^0 2 + V (l- -r^-^ (2.5) 



2 ^ U V 4:7T 2 V (f) 4 

where the constant term V = 2T 3 h\ = 2T 3 h((pA) i is the effective vacuum energy. 
The factor v depends on the properties of the warped throat, with v = 16/27 for the 
KS throat. With some warping (say, — 1/5 to 1CT 3 ), the attractive Coulombic 
potential Vc(4>) can be very weak (i.e., flat). The quadratic term V#-(0) receives 
contributions from a number of sources and is rather model-dependent. However m 2 
is expected to be comparable to Hq = Vo/3M 2 , where M p is the reduced Planck 
mass (G^ 1 = 8nM 2 ). This sets the canonical value for the inflaton mass mo = Hq 
(which turns out to be around 10~ 7 M p ). 

The scale of the throat R is given by |43] 



R A = A7rg s N A a' 2 -^- (2.6) 
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where V(ss) is the S5 volume. For the KS-throat, V(ss) = t>7r 3 = 167r 3 /27. For a 
generic value of m, usual slow-roll inflation will not yield enough e-folds of inflation. 



Ref. p~3|| shows that m < mo/3 will be needed. Naively, a substantially larger m will 
be disastrous, since the inflaton will roll fast, resulting in very few e-folds in this 
case. However, for a fast roll inflaton, string theory dictates that we must include 



higher powers of the time derivative of 0, in the form of the DBI action 
S = - J d 4 x a 3 (t) 



Tdl-<ffi/T+V(<p)-T 



[2.7) 



where T(0) = T^h((f)) is the warped D3-brane tension at 0. For the usual slow-roll, 



Ty 1 — <fi 2 /T — T ~ 2 /2, reproducing the standard kinetic term. It is quite amazing 
that the DBI action now allows enough e-folds even when the inflaton potential is 
steep [|TJ|, pL5| . As the D3-brane approaches D3-brane, and T(0) decrease, and 
h{4>) — > h((f>A)- The key is that is bounded by the limiting speed, and this bound 
gets tighter as T(0) decreases. This happens even if the potential is steep, for 
example, when m > H . So the inflaton rolls slowly either because the potential is 
relatively flat (so 7 ~ 1 in the usual slow-roll case), or because the warped tension 
T(0) is small (so 1 <C 7 < 00). As a result, it can take many e-folds for to reach 
the bottom of the throat. When 7 > 1, the kinetic energy is enhanced by a Lorentz 
factor of 7. Note that the inflaton is actually moving slowly down the throat even 
in the ultra- relativistic limit. However, the characteristics of this scenario are very 
different from the usual slow-roll limit, where 7 ~ 1. To draw a distinction, we call 
this the ultra-relativistic regime. 

In general, there are 3 parameters, namely, m, A and <pA (note that Vq is a 
function of A and 0^), plus the constraint that the D3-brane should be inside the 
throat. We find that the power spectrum can be red-tilted in all three scenarios. 
(1) (3 < 1, 7 ~ 1, the slow-roll case, when m 2 ~ 0; Here, there are essentially 2 
parameters : m and Vq. After fitting the COBE density perturbation data [Q, the 
predictions are reduced to a one-parameter, namely /3, analysis fll3| . For small /3, 

n s ~ 0.98 + (3, logr ~ -8.8 + 60/3, logG/i 9.4 + 30/5. The cosmological data 

restricts the relevant range to < (3 < 0.05 [p4 j. 



(2) (3 ~ 1, 7 ~ 1 at iV e ~ 55, but increases to a large value towards the end 
of inflation; this corresponds to some intermediate values of m 2 . Here, the DBI 
introduces a deviation from the slow-roll relation between R and the tensor power 
spectrum index n t [^] , 

rh = ~ (—^ 1 (2.8) 



1 — e — k / 

where e is the usual slow-roll parameter divided by 7 and k measures the running of 
7. For large 0, the parameterization of the potential should probably include a 4 
term. Naively, the tensor mode can be large, i.e., as large as saturating the present 
observational bound r < 0.3 [P]. However, the position of the D3-brane is bounded 



11 



by the bulk volume. Applying the Lyth bound (unmodified by the DBI action): 
A<p/Mp = ^r/8AN e , one sees that, to get enough e- folds while keeping inside the 
compactified volume, r cannot be bigger than a few percent JPJ. Such a large value 
of r would require r to drop rapidly as the inflaton moves down the throat. This 
can happen if 7 increases rapidly p7| . This constraint on r is somewhat relaxed if 
we have a crowd of D3-branes. A large r may also indicate that the warped throat 
is somehow squashed. We note that, even with a DBI action, the tachyon rolling by 
itself can yield at most a few e-folds f45fl . 

(3) (3 1, 7 is large throughout. In this ultra-relativistic case, m is large so Vk 
dominates (i.e., V can be ignored), and the model is again reduced to the above 3 
parameters before imposing the COBE normalization. In this scenario, ensuring that 
all 55 e-folds of inflation take place while the D3-brane is inside the throat becomes 
a strong constraint; that is, the "initial" position (pi (at 55 e-folds before the end 
of inflation) should satisfy <pi < <p e where <p e is the value at the edge of the throat, 
i.e., h((p e ) ~ 1. To implement this condition, we need to introduce the D3-brane 
tension T3, or the string scale a'. Since Vq can be ignored in this case, one may 
obtain all the inflationary properties without the 53-brane. \/nl\ — O.327 2 < 300 
yields 7 < 31 [[5J. However, one should check if reheating or preheating can be 
successfully realized in such a scenario. The structure of the non-Gaussianity from 
this UV DBI model is different from that due to slow-roll. The 3-point correlation 



functions (bi-spectrum) A(ki, k 2 )/kik 2 k 3 (where ki + k 2 + k% = 0) [f25], are shown 
in Figure [5[ The 4-point correlation functions (tri-spectrum) have also been studied 
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Note that n s is quite sensitive to the warped factor. This point is clearly illus- 
trated by the 2 different predictions of n s using 2 different approximations to the KS 
warp factor: an AdS cut-off (very slightly blue tilt) |27j and a mass gap cut-off (red 
tilt) p2| . For large R, we have to consider a highly orbifolded version of the throat 
in order to fit it inside the bulk. This tends to suppress the DBI non-Gaussianity. 
(4) For tachyonic inflaton mass (m 2 < 0), the scenario becomes the multi-throat 
brane inflation scenario proposed by Chen [^(| f|S|. The Coulombic term V D £> is neg- 
ligible and inflation takes place as the D3-brane moves out of a throat (see Figure |2|). 
For small tachyonic mass, this is simply a slow-roll model. This IR DBI inflation can 
happen when inflaton mass takes a generic value, m ~ H (/3 ~ 1). The distance the 
inflaton travels through during inflation, A0 w HR 2 \fT^, is always sub-Planckian. 
This model may be realized in a multi-throat compactification starting with a num- 
ber of antibranes settled down at the ends of various throats. These antibranes are 
classically stable, but can annihilate against the fluxes quantum mechanically [[IS 



The end products of such a phase transition is many Z)3-branes in, say, the 5-throat, 
which is sufficiently long (typically more than twice longer than the A-throat). The 
IR model predicts large non-Gaussianity with the same shape as in the UV model. 
The difference is the running, f NL w 0.036j3 2 N 2 , that is, f^L decreases with k, while 
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Figure 5: The shape of the 3-point correlation function in the DBI model [2q| . For 
comparison, the (negative) of the 3-point correlation function from a standard slow-roll 
model is shown at the upper left corner. 



Jnl increases with k in the UV model. The power spectrum index undergoes an 
interesting phase transition at a critical e-fold from red (n s — 1 ~ — 4/iV e ) at small 
scales to blue {n s — 1 ~ 4/iV e ) at large scales j|8], |49| . This transition is due to the 
Hagedorn phase when the red-shifted string scale drops below the Hubble constant. 
If such a transition falls into the observable range of CMBR, it predicts a large run- 
ning of n s around the transition point, i.e., a large negative dn s /dhik. Outside of 
this transition region, dn s /d\nk is un-observably small. 

If the brane inflationary scenario is correct, it will provide a great probe to 
both the origin of our early universe as well as to the particular compactification in 
string theory, i.e., where we are in the cosmic landscape. For example, the inflaton is 
actually a 6-component field. So far, we have only considered the radial mode. When 
a 4-cycle is close to the A-throat, the symmetry of the throat (S 3 x S 2 for the KS case) 
would be broken by the 4-cycle's position, shape and orientation, generating a richer 
inflaton potential ||12||. CMBR data actually imposes conditions on the the structure 



around the throat |p0[ . That is, we can learn about the flux compactification via 
brane inflation. This may also tell us whether eternal inflation is happening or not. 
Since, <fi is bounded by the size of the bulk, eternal inflation is far from a given in 
brane inflation fHfl . 
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3. Graceful Exit 



The crucial step that links the inflationary epoch to the hot big bang epoch is the 
heating at the end of inflation. This is known as the graceful exit, namely, how the 
inflationary energy can be efficiently transferred to heat up the Standard Model par- 
ticles, and be compatible with the well-understood late-time cosmological evolution? 
This is the heating problem (also called the reheating or preheating problem). To 
see why this is quite a non-trivial issue, we first look at the end process of brane 
inflation. 

In the above brane inflationary scenario, inflation ends when the D3-brane an- 
nihilates with the Z)3-brane. Significant insights have been gained into such a pro- 
cess |52 |. Tachyonic modes appear when the brane- ant ibrane distance approaches 



the string scale and the annihilation process may be described by tachyon rolling 
[j3| , (The decay width is signified by the imaginary part of the potential V (<$)). 
No matter whether there are adjacent extra branes surviving such an annihilation 
(for example, a D3-brane colliding with a stack of _D3-branes), the initial end prod- 
uct is expected to be dominated by non-relativistic heavy closed strings |55L |56], 57[ |. 
These will then go to lighter closed strings, light KK modes, gravitons and open 
strings. We know from observations that, during big bang nucleosynthesis (BBN), 
the density of gravitons can be no more than a few percent of the total energy den- 
sity of the universe. The rest is contributed by the Standard Model (SM) particles 
(mostly photons, neutrinos and electrons), which are open strings attached to a stack 
of SM (anti-)branes. We also know that the density of any non-relativistic relics can 
be no more than about 10 times that of the baryons. Therefore the question becomes 
how the brane annihilation products, originally dominated by the closed string de- 
grees of freedom, can eventually become the required light open string degrees of 
freedom living on the SM branes, with a negligible graviton density and a non-lethal 
amount of stable relics. This question is particularly sharp in the the multi-throat 
scenario, where the inflationary branes annihilate in one throat (A-throat) while the 
SM branes are sitting in another throat (say, S- throat in Figure H). Let us discuss 
this case and then comment on the other cases. 

A number of studies have been done to address this heating problem |5R B9[ 
60| , plf . The analysis is essentially based on the Randall-Sundrum (RS) warped 



geometry. An important observation is that, because the KK mode wave function 
is peaked at the bottom of the throat, its interaction with particles located there 
is much enhanced compared to that with the graviton, whose wavefunction spreads 
throughout the bulk. Because of this, the graviton emission branching ratio during 



the brane decay and KK evolution is suppressed by powers of warp factors [^2 
In a realistic compactification, throats are typically separated in the bulk, which 
tends to generate resonance effects in the tunneling from one throat to another. We 
expect the compactification volume to be dominated by the bulk, with typical size 
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L ^> R, another important ingredient in the success of the graceful exit. Again, the 
realistic scenario of heating improves in a number of ways over the RS scenario. The 



discussions below follows Ref. |28[ and relies on Figure [|. 

First, we note that that the cross sections for KK self-interaction and KK inter- 
actions with SM particles in a throat with size R and a warp factor h goes like 

This is much bigger than that for the graviton, where the corresponding a ~ Mp 2 . 
Note that the factor (L/R) e comes from the 6-dimensional bulk. Next, it is important 
to follow the thermal history of the KK modes as the universe expands. Because of 
the above warped enhanced KK self-interactions, it is easy to see that the KK modes 
become non-relativistic before they decouple. Scattering and annihilation of KK 
modes reduce the KK density by orders of magnitude. So, instead of a tower of 
high-density non-relativistic, non-interacting KK modes, only the lightest few stable 
KK modes remain and their relic density is very much suppressed. Gravitino density 
is similarly suppressed. The qualitative picture of heating goes as follows. 

Massive closed string modes produced during the .D3-Z)3-brane annihilation 
rapidly decays to light KK modes and gravitons. Among the light KK modes in 
a throat are ones with conserved angular momenta, so they are quite stable against 
further decay, with typical mass of order h^/R- Due to the self-interaction, the relic 
density in the non-relativistic KK modes is very much suppressed. Due to the red- 
shift and the low tunneling rate, the universe enters a matter-dominated phase with 
these KK modes, which then tunnel to the S'-throat and other throats, if present. 
To ameliorate the hierarchy problem, we expect the S-throat to have a much smaller 
warped factor hs <C h,A- Generically, we expect the tunneling rate from A-throat to 
S'-throat to be enhanced by the bulk resonance effect (for R/L < h A ) fl63f , 

r A ^s ~ h\/R » h%/R (3.2) 

where the second rate is that for the case when there is no bulk resonance effect. Once 
the KK modes reach the S throat, they rapidly decays to open string modes and heat 
up the universe, starting the hot big bang epoch. For a successful scenario, (1) the 
matter dominated duration should be long enough to red-shift away the gravitational 
radiation as well as the gravitino density, but not so long as to over-cool the universe. 
This condition requires Iia ~ 1CT 1 to 1CT 3 . It is very encouraging that these values 
are precisely those required to fit the CMBR data. (2) the decay of KK modes in 
the S throat should go to open string modes instead of to gravitational radiation. 
This is guaranteed because the coupling of KK modes to gravitons is dictated by 
the Newton's constant G4 = 87r/Mp, while their couplings to open strings modes, 
i.e, SM particles, is enhanced by the localization of both the KK modes and the SM 
branes in the throat, as shown in Eq. 
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It is interesting to point out some novel features in this heating scenario: 

• There is a matter-dominated epoch between the end of inflation and the beginning 
of the hot big bang era. The cosmic scale factor can grow by a large factor (10 5 
or more) during this epoch. As a result, both the gravitational radiation and the 
gravitino density will be substantially suppressed. It will be interesting to study 
other cosmological consequences of such an epoch. 

• There is a dynamical process that selects a long throat to be heated. This is 
because the dense spectrum in a long throat makes the level matching of the energy 
eigenstates, a necessary condition for tunneling between throats, easier to satisfy. 
This may provide a dynamical explanation of the selection of the RS type (i.e., with 
very large warping that solves the hierarchy problem) warp space as our Standard 
Model throat in the early universe. 

• Although KK modes as dark matter have been considered in the literature, we see 
the possibility of KK modes as hidden dark matter. These are almost stable KK 
modes in another throat (say, the £)-throat in Figure |2|), which interacts only via 
gravitons with SM particles. This hidden dark matter has many unusual properties 
compared to the usual dark matter candidates, e.g., it may tunnel to the S'-throat 
and generate a cosmic ray that violates the GZK bound. 

More generally, it is found that heating is not a problem unless both the brane 
annihilation and the SM branes are in the bulk. Since it is natural for inflation and 
so brane annihilation to happen inside a throat, we consider heating to be a solved 
problem in brane inflation. 

4. Production and Properties of Cosmic Superstrings 

Although the production of domain walls and monopoles at the grand unified (GUT) 
scale will over-close the universe by many orders of magnitude, cosmic strings do 
not suffer from the same problem. This is a consequence of the intercommutation 
properties of strings, which leads to a scaling cosmic string network that tracks the 
radiation (matter) during the radiation- (matter)-dominated era. A key property of 
cosmic string is its tension \i. In fact, cosmic strings around the GUT scale, that 
is Gfi ~ 10~ 6 , was originally proposed as an alternative to inflation in generating 
density perturbation for structure formation |3(J. However, the properties of CMBR 
data, in particular the acoustic peaks, ruled out this possibility. It is this same data 
that strongly supports inflation. In fact, all defects present before inflation would 
have been inflated away. So we need to consider only defects that are produced after 
inflation. 

The topological properties of defect formation in tachyon condensation is well 
understood in superstring theory |M] . The spontaneous symmetry breaking will sup- 
port defects with even codimension (i.e., 2k), as classified by K theory. In particular, 
-D3-.D3-brane annihilation yields Dl-branes and fundamental Fl-strings, when the 
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large massive ones appear as cosmic strings in our universe |32], |33], |34| . Qualitatively, 
it is easy to see how this takes place. There is a U(l) gauge theory associated with 
each brane, and the tachyon couples to one combination C/(l)_. This is simply the 
Abelian Higgs model in the field theory approximation. Tachyon rolling results in 
spontaneous symmetry breaking and the resulting vortices are Dl-strings. So they 
are cosmologically produced via the Kibble mechanism. The other U(l) + becomes 
confining, and the resulting flux tubes become the fundamental closed strings p5|]. 
So cosmic strings are generically produced towards the end of brane inflation. It 
is quite amazing that string theory dictates that the dangerous domain walls and 
monopole-like defects are not produced. In the Type IIB theory that we are studying, 
there is simply no DO- or D2-branes. 

We find that the cosmic string tension \i depends on the specific scenario. It 
roughly satisfies 10~ 13 < Gp < 1CT 6 |32|, [0| p7| . Fundamental string (F-string) 



tension in 10 dimensions defines the string scale a' via Tpi = l/2na'. In type 
IIB theory, there are branes including .Dl-branes, or D-strings, with tension Tdi = 
l/27ra'g s , where g s is the string coupling. In light of all the progress coming from 
dualities in string theory, we now know that the .D-strings and the F-strings should 
be considered on the same footing and a general string state in type IIB is the bound 
state of these two types of strings. In 10 flat dimensions, supersymmetry dictates 
that the tension of the bound state of p F-strings and q F-strings is given by |66] . 



T P)q = Tpi^j p 2 + . (4.1) 

9s 



This tension spectrum (for coprime (p,q)) allows junctions to be formed Since 
the D3-Z)3-brane annihilation most likely takes place at the bottom of a throat, that 
will be where the cosmic superstrings are. To be specific, we consider the KS throat 
[ CT whose properties are relatively well understood. On the gravity side, this is a 
warped deformed conifold. Inside the throat, the geometry is a shrinking S 2 fibered 
over a S 3 . The tensions of the bound state of p F-strings and that of q F-strings 
were individually computed for the KS throat |J7|. The tension formula for the (p, q) 
bound states is given by ||| 




(4.2) 

where b = 0.93 is a number numerically close to one and M is the number of fractional 
D3-branes, that is, the units of 3- form RR flux F 3 through the S 3 . For M — > oo and 



b — Ha — 1, it reduces to Eq^O). Very interestingly, the F-strings are charged in 
Tjm and are non-BPS. The D-string on the other hand is charged in Z and is BPS 
with respect to each other. Because p is Z^-charged with non-zero binding energy, 
binding can take place even if (p, q) are not coprime. Since it is a convex function, 
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i.e., T p+p t < T p + Tpt, the p-string will not decay into strings with smaller p. The 
interpretation of these strings in the gauge theory dual is known. The F-string is 
dual to a confining string between a quark and an anti-quark, while the D-string 
is dual to an axionic string. M fundamental strings can terminate to a point-like 
baryon (with mass ~ M 3 / 2 /ia/v"0j irrespective of the number of D-strings around. 

Besides the above Kibble and confining mechanisms, there are other possible 
ways to produce cosmic strings which may evolve to a cosmic string network : 

• Consider another throat with warped factor he- If the temperature at the beginning 
of the hot big bang is Tj, then strings in the C-throat will be excited if Tj > hcTn s . 

• D-strings can be stable inside D3-branes [ 35] . Such D-strings can be pair-produced 
inside the horizon at the end of inflation when a small stack of /}3-branes collide with 
a larger stack of Z)3-branes. 

• One may also consider the situation when a single branes move towards the bottom 
of the A-throat. Assuming that heating is not a problem for such a scenario, stable 
D-strings might have been pair-produced if > m s fiA- 

Isolated loops would just decay via gravitational radiation. However, if the 
density of loops is high enough so that they overlap and tangle with each other, 
then their reconnections will yield bigger and bigger loops, which may eventually 
yield long strings and lead to a scaling cosmic string network. For the C-throat, this 
probably requires T« 3> hcm s . This is more likely for small G/i, since the decay rate 
is proportional to Gfi ~ Gm 2 a h 2 Cl so light tension sting loops will be quite long lived. 
This will imply that, in addition to cosmic strings in the A-throat, the universe may 
have cosmic strings with much smaller tensions if throats with large warping exist 
in the bulk. These light cosmic strings interact very weakly with cosmic strings in 
A-throat. 



5. Evolution and Detection of Cosmic Superstrings 

The cosmological evolution of cosmic superstrings is a very challenging problem. For 
slow-moving cosmic strings that stretch across the horizon, the energy density naively 
scale like a~ 2 . For cosmic string loops, the naive energy density is similar to that for 
monopoles, scaling like a~ 3 . So, naively, the cosmic string density is a problem. How- 
ever, their interactions substantially suppresses the density. The intercommutation 
of intersecting cosmic strings and the decay of the resulting cosmic string loops (to 
gravitational waves) reduces the density so that it decrease like radiation (matter) 



during the radiation- (matter)-dominated era [30]. Furthermore, the resulting scal- 
ing cosmic string network energy density is insensitive to the initial density, that is, 
the network rapidly approaches the scaling solution. As a consequence, the physics 
is essentially dictated by the single parameter C/z in the Nambu-Goto or the Abelian 
Higgs model, and by the tension spectrum for a more complicated model. 



18 



Although the cosmic string network reaches a scaling solution, the fraction of 
energy density in cosmic string loops has been an outstanding question |30[| . Early 



simulations did not reach fine enough resolution to determine the role played by string 
loops [p9" |. The basic assumption is that once a loop is produced by the intersec- 



tion of long strings (including self intersection), they decay quickly via gravitational 
radiation. More recent analysis seems to change the story. 

Let us first consider the Nambu-Goto case. The fraction of energy density in the 
string network is given by 

Q s = Qoo + Qi oops ~ TG/j, + xV aG H (5-1) 

where the first term is the contribution of long strings, with V ~ 10 2 for Nambu- 
Goto strings. The second term is the contribution of string loops within the horizon. 
Very crudely speaking, \ ~ 10 3 . The value of a, the ratio of characteristic loop size 
to the horizon size, is poorly understood. It has been estimated to be as small as 
a < 1CT 12 , or a ~ Gfi or even (G/i) 5 / 2 . Recently, both numerical simulations []70, [7TJ 
and analytic studies |7^] have indicated that there are more energies in the string 
loops than previously thought. That is, a may be as big as 0.25, although a ~ 10~ 4 
seems to be more likely. For small Gfi, the increase in the energy density in the 
string network can be very substantial. 

As mentioned earlier, cosmic superstrings will have different properties than 
vortices in the Abelian Higgs model. Although a simulation is not available, one can 
analyze the evolution of the string network by solving a set of coupled equations. As 
shown in Figure §(b), recent analysis on the tension spectrum fl4.1p strongly suggests 
that cosmic superstrings also evolve dynamically to a scaling solution (with a stable 
relative distribution of strings with different quantum numbers) [[7^, [73|], very much 
like usual cosmic strings (either coming from the abelian Higgs model, or Nambu- 
Goto type) f30fl . This is due to the rapid decrease in the density of strings with 
large tensions, which goes roughly like n(p, q)~ N , where N ~ 8. We shall consider a 
scenario where the cosmic strings are stable enough to allow such a scaling solution. 
The inter-commutation probability of vortices is known to be around unity, P ~ 1, 
while that of superstrings is rather complicated |73[, but P ~ g 2 , where the string 



coupling g s ~ 1/10, is not unreasonable. Also, the tension spectrum tells us that 
cosmic superstrings will come in a variety of tensions and charges. A simple analysis 
indicates that a number of species of cosmic strings will be around in the string 



network |74[, so a naive scaling from the Nambu-Goto strings to superstrings gives 



Tl 71 
Vl s > ^ super string °° ~J^^s ~^2^ s 



where n is the effective number of types, n ~ 5. For very small P, it is argued that 
1/P — > 1/P 2 / 3 ]7I| . This enhancement should help the search. It is not clear how 



the presence of baryons in the tension spectrum ([4.2|) will impact on the evolution 
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Figure 6: (a) The (p, q) string binding generates junctions |p4| . (b) (p, q) string network 
evolution as a function of the cosmic scale factor. The top 3 lines stand for total density 
with 3 different initial densities, while the bottom 3 lines stand for the corresponding 
(p,q) = (1,0) string density with 3 different initial densities. We see that, irrespective 
of the initial densities, both the total density and the (1,0) density rapidly approach the 



scaling solutions |74| 



of the string network. It is clear that further studies, the properties of cosmic string 
spectrum (including baryons), their productions, stabilities and interactions, and 
the cosmic evolution of the network as well as their possible detections will be most 
interesting to watch. It is reasonable to be optimistic about the detectability of 
cosmic superstrings, but this is far from guaranteed. Cosmologically, the strings 
appear to have beads, that is, they look like necklaces This problem has been studied 
at some level J75| . 

Originally proposed as an alternative to inflation, the detection of cosmic strings 
has been extensively studied [|30"| . Since the cosmic superstrings interact with the 
SM particles only via gravity, all detection involves the gravitational interactions of 
cosmic strings. Recent understanding on the importance of string loops will certainly 
enhance the detectability of cosmic strings. Since the particular brane inflationary 
scenario is not yet known, the cosmic string tensions are only loosely constrained. We 
shall be open-minded in comparing with observation. Many ways to detect cosmic 
strings have been suggested. Here, let us discuss some of them : 
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Figure 7: The CMBR power spectrum from WMAP H. They are (from top) the temper- 
ature TT correlation (black), the temperature-electric- mode polarization TE correlation 
(red), the EE correlation (green), possible B mode polarization BB correlation (blue) and 
possible BB correlation (red/blue) from cosmic strings pC|]. The dashed lines are likely 
background/foregound that should be subtracted. 



• Gravitational lensing is probably most direct. Cosmic string introduces a deficit 
angle, so a galaxy behind a long cosmic string will appear as a double (undistorted) 
image. The image separation is roughly 5 x 10 6 G/z arc sec. For Gfi <C 10~ 7 , this 
approach becomes very challenging. Finding a lensing by a junction will be quite 
definitive |34|, [76| . 



• Micro-lensing. This was first studied in Ref . ||77|| . For small string tension, string 
loops have relatively long lifetimes and so are expected to be dominant in the cosmic 
string energy density. They can lens stars, which shows up as the brightness of a 
star doubles for a short period of time. Since there are more string loops for smaller 



tension, non-observation may put a lower bound on the cosmic string tension |78 



• In brane inflation, the density perturbation (and CMBR anisotropy) comes from 
two sources: the usual quantum fluctuation (scalar and tensor modes) during infla- 
tion and the fluctuations (scalar and vector modes) induced by the cosmic string 
network. The density perturbation coming from the cosmic string network is active 
and incoherent, so there is no acoustic peaks that are prominent in the density per- 
turbation coming from inflation. The COBE data roughly yields Gfi ~ 10~ 6 if the 
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scaling solution of the cosmic string network is the sole source of the density pertur- 
bation. Using WMAP data, one finds that the contribution from cosmic strings is 
bounded by about 10 %, which translates to about Gfi < 7 x 10~ 7 . So the cosmic 
string production towards the end of brane inflation is perfectly compatible with the 
present CMBR data 0, while future data may be able to test this scenario []79|, ^ . 
• Since the density perturbation coming from cosmic string is continuously being 
produced, its magnitude in the CMBR anisotropy at large I will not be attenuated 
as much as that coming from inflation. For Gfi ~ 7x 1CT 7 , the contribution from cos- 
mic strings may become comparable to (bigger than) that from inflation at / > 2000 
(/ > 3000). This may be measurable if Gfi is not too small. Polarization in the 
CMBR will also be measured. In particular, the B (i.e., curl) mode due to the tensor 
mode perturbation will be tested, reaching AT ~ 0.5fiK. Here the gravitational 
wave anisotropy density is much higher than that in a pure inflationary scenario, 
so passage through space will presumably yield a B mode polarization clearly larger 
than that coming from a purely inflationary scenario |8IJ. Figure |7| illustrates this 
possibility. 

• As a cosmic string moves with velocity v across the sky, a shift in the CMB tem- 
perature may be observed, AT/T ~ SnGfivy ]81]. A careful analysis of the CMBR 



data may probe G\i ~ 10~ 10 . It is important to see what bound on G\i the data can 
eventually reach. Detection may be possible for as small as Gfi ~ 10~ 13 . 
•The cosmic string network also generates gravitational waves that may be observ- 
able. This has been studied extensively in the literature. The stochastic gravitational 
wave spectrum has an almost flat region that extends from / ~ 10~ 8 Hz to / ~ 10 10 
Hz. Within this frequency range, both ADVANCED LIGO/VIRGO (sensitive at 
around / ~ 10 2 Hz) and LISA (sensitive at around / ~ 10~ 3 Hz) may have a chance. 
Following Ref.|82|], we obtain Q gw h 2 ~ 0.04G/i coming from long strings. Since LIGO 
II/VIRGO can reach Q gw h 2 ~ 10~ 10 at / ~ 100 Hz, it can reach Gfi>2x HT 9 . Such 
stochastic gravitational wave also influences the very precise pulsar timing measure- 
ments. Although present pulsar timing measurement is compatible with Gfi < 10~ 6 , 
a modest improvement on the accuracy may detect a network of cuspy cosmic string 
loops down to Gfi ~ 10~ n . 

Cusps and kinks are quite common in oscillating cosmic strings. Strongly focused 
beams of relatively high-frequency gravitational waves are emitted by these cusps 
and kinks. The sharp bursts of gravitational waves have very distinctive waveform: 
t 1/3 (cusps) and i 2 / 3 (kinks) ADVANCED LIGO/VIRGO may detect them for 
values down to Gfi > 10~ 13 and LISA to 10~ 15 |83| , j85| , |84|| , so this may be the 
most sensitive test of cosmic strings. At the moment, theoretical uncertainties (such 
as string tension, tension spectrum, interactions and cosmic string loops) must be 
better understood. Figure § takes into account the recent analysis where the string 
loops are important. 

• Cusps also introduces temperature shifts in the CMBR that should be searched. 
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Figure 8: The detect ability of cosmic strings by LISA via gravitational radiation, both 
background and bursts for Nambu-Goto strings [84]. Gravitaional signals that can be 
detected by LISA P — n-H — n is signal for cosmic strings with tension G\i ~ 10~™. 
Various other signals are also shown: MBHB is for massive black hole binary system etc.. 
The sensitivity of LISA is shown in red. So is that for milli-second pulsar timing (MSP) 
at low frequency. We see that LISA can reach G\i ~ 10~ 15 . 



They may appear as a sharp down and then up temperature shift that is quite 



distinctive |]86, 78 



6. Remarks 

Brane inflation is a natural realization of inflation in the brane world scenario in 
string theory. If the string scale is close to the GUT scale, as expected, cosmology 
offers a powerful approach to study and test string theory. We see that brane infla- 
tion offers a variety of possible distinct stringy signatures to be detected. Existing 
data is perfectly compatible with brane inflation. It is exciting that near future 
experiments/observations will likely provide non-trivial tests of the scenario. 

Many interesting problems remain. Here is a partial list. On the theoretical side: 

• Search for other inflationary scenarios in string theory. 

• Search for other distinct stringy signatures that can be detected. 
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• We have seen that the structure of the bulk as well as the properties of the warped 
deformed throat impacts on the CMBR predictions, e.g., the power spectral index. 
Flux compactifications must be studied in much greater details than currently known. 

• The gauge/gravity duality has played an important role in studying the properties 
of throats and the cosmic string tension spectrum. One may actually apply cosmol- 
ogy to study strongly coupled gauge theory via gauge/gravity duality. 

• Non-Gaussianity in CMBR and its more detailed properties. 

• Understand better the properties of cosmic strings, such as the tension spectrum 
and their interactions, their production and stability, and the cosmological evolution 
of the string network that may include baryons and/or light domain walls bounded 
by the cosmic strings. 

• Gott finds that closed timelike curves appear when two cosmic strings move ultra- 
relativistically towards each other ]57|| . He proposed to use this as a time machine. 
However, a photon will be instantly blue-shifted to infinite energy too. It is argued 
that energetics would prevent the appearance of such closed timelike curves in our 



universe under any realistic situations 38 . That is, photons in CMBR would simply 



sap enough energies from the cosmic strings to prevent the appearance of closed time- 
like curves. This important and fascinating issue certainly deserves further analysis. 
On the observational side : 

• Searching for cosmic string signatures, large tensor mode and/or non-Gaussianity 
that differs from that predicted in slow- roll inflation in CMBR will be important. 

• Astronomical searches for lensing, micro-lensing, temperature shifts due to moving 
strings and string cusps can be both challenging and exciting. Some of these searches 
need not be dedicated searches, that is, they can be part of other programs. 

• Gravitational wave detection of the stochastic background gravitational radiation 
due to cosmic strings as well as bursts coming from string cusps will be valuable. 

One should consider the discovery of cosmic strings as another verification of 
the inflationary paradigm. This will shed light on the specific brane inflationary 
scenario that took place, providing a valuable probe to the brane world picture 
before inflation. That is, information on the early universe before inflation may not be 
totally lost. To my knowledge, this is the best observational window into supertstring 
theory. Irrespective of the final outcome, whether brane inflation or some other 
stringy scenario is eventually proven correct or not, we see that string theory is 
confronting data and making a number of qualitatively as well as quantitatively 
distinctive predictions that can be tested in the near future. This is exciting. 
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